inTroducTion
Demands on modern combustion engines are continuously increasing. One of the ways to meet these demands is to use a turbocharger in the design of an engine. This means that strict conditions are also required for turbochargers. The turbocharger is quite a specific example of rotor machinery and it is really challenging to create a highly applicable turbocharger model. The validated model represents a powerful tool for engineers dealing with the development and design of turbochargers, and it can represent quite significant savings in time and costs related to turbocharger development and customization. Our first target for the initial modeling stage is to use knowledge and experience from the analysis of combustion engine component dynamics to develop advanced computational models of the turbocharger rotor dynamics. At the current state of development we have reached the level of models presented worldwide [2, 3, 4] , which means a turbocharger rotor with hydrodynamic bearing model and no interaction between rotor and gases. 
descripTion of The journal bearing model
In the design of medium and larger size turbochargers fully floating ring bearings are commonly used, represented in Figure  1a The fully floating ring bearing provides a lower friction moment and higher damping -due to two separate oil films. For the purpose of the simulation, its characteristic two separate oil films is used -therefore, the fully floating ring bearing is represented as two separate journal bearings of specific oil properties, dimensions etc. The first journal bearing represents the oil film between the housing and the floating ring, the second one represents an oil film between the floating ring and the shaft. Therefore, three eccentricities are defined -the inner eccentricity (e i ) is the displacement between shaft and the floating ring, the outer eccentricity (e o ) is the displacement between floating ring and housing bore, and overall eccentricity (e) is the displacement between shaft and the housing bore.
hydrodynamic journal bearing model background
Due to fact that turbocharger journal bearings don´t usually operate under high eccentricity conditions, the hydrodynamic journal bearing model is used to introduce hydrodynamic forces and moments to the rotor dynamics simulation. The theory suggested by Novotny (2009) is adopted for determination of hydrodynamic pressure profile in the oil film. The basic conception is still derived from Reynolds equation:
where p is pressure, x and y are coordinates, h is the oil film gap height, η is the dynamic viscosity of oil, ρ is the dynamic density of oil and u is an effective velocity. The oil film gap is defined as: h = R -r + e j . cos (φ), (2) where R is the shell radius, r is the journal radius, e j is the journal eccentricity, and φ is the angle around the journal axis.
The hydrodynamic model of a journal bearing is introduced to the rotor dynamics simulation in MBS by sets of pre-calculated databases, which are the most important parameters entering the equations for calculating forces and moments acting on the journal bearing. Hydrodynamic databases are basically look-up tables; the dimensionless force (or moment) is determined for specific relative eccentricity and relative tilt angle in the plane of the smallest oil gap. Hydrodynamic databases are computed for a ratio B/D, in a specialized program developed at the Institute of Automotive Engineering. The Finite Difference Method (FDM), variable integration steps and a multi-grid strategy are used, and the system is solved using the iterative solution. The final state of the hydrodynamic databases is calculated based on determined pressure distribution by integrating across the whole bearing surface. 
journal bearing presumpTions
Since the journal bearing is represented in the MBS by sets of pre-calculated databases, several presumptions have to be considered to enable creation of the databases in advance. The presumptions are as followed [1] :
• the journal and bearing shell shapes are ideal cylindrical parts, • the journal and the bearing shell are rigid bodies without any deformations, an oil gap between the journal and the shell is filled up with the oil and the gap proportions are small in comparison with journal or bearing shell proportions, • only hydrodynamic frictions can occur, • dynamic viscosity is constant for the whole gap volume and it is independent of local temperature and pressure, • lubricating oil is incompressible, and • oil flow is laminar.
assembly of The Turbocharger mbs model
Generally, there are two possible ways to assemble the turbocharger rotor model, as shown in Figure 2 . The first way, shown in Figure 3a , is to discretize the whole rotor (which includes shaft and compressor, and turbine wheels) using FE software and then perform a reduction of the FE model. Specific material characteristics have to be considered during meshing the rotor since they can´t be changed later. The second way, shown in Figure 3b , is to discretize only the shaft and both wheels attached to the shaft in MBS software. This method provides several benefits -for example, for turbocharger optimization when design and material of both wheels can be changed easily. It is necessary to pay attention to correct assignment of moments of inertia and mass to each wheel. As for the rotor model, for the purpose of this paper the second method (Figure 3b ) has been chosen. The shaft model is considered a flexible body, and it is based on reduced Finite Element (FE) bodies. Both the turbine and compressor wheels are represented as a rigid body with mass and inertia tensor defined. Wheels are attached to the shaft with fixed joint connectors in markers coincident to the attachment nodes. To complete the turbocharger assembly model, the housing model and rings to complete the fully floating ring bearing model have to be added. Rings can be considered rigid bodies because the forces acting on them can´t perform any noticeable deformations, and due to the ring size, their contribution to overall vibration is negligible. As for the housing model, there are two ways to create a modelwith a rigid housing or a flexible housing. The rigid housing provides lower computational times and is sufficient for basic rotor dynamics simulations. The flexible housing is more demanding on computational time, but is useful for advanced rotor dynamics simulations, and absolutely essential for turbocharger noise and vibrations analysis. The last of the bodies needed to complete the turbocharger MBS model is an auxiliary body through which the rotor is accelerated to the desired speed. This is needed only for run-up simulation with desired angular acceleration. The rotor can also be sped up by torque applied to the turbine wheel, in which case the auxiliary body is unnecessary.
simulaTion resulTs
The most important simulation results can be divided into several groups:
• bearing:
-parameters describing shaft and ring movements (displacement, velocity, acceleration, rotor and ring speed), -friction results (friction moment, power loss), -slide bearing oil film behavior (oil flow and temperature), -reactions in the slide bearing oil film (forces and moments), • rotor:
-wheel nose displacement, velocities and accelerations, -shaft stress, -torque needed for turbocharger run-up, • housing:
-mounting points vibration and the emitting of surface noise. The most critical parameter is wheel nose displacement because in the case of a collision the turbocharger would be seriously damaged or even destroyed. However, turbocharger design is so advanced these days that this kind of failure is rare. On the other hand, turbocharger noise and vibration, power losses and oil flow are very important parameters. Bearing parameters will always be very important because they can show us potential usage for bearings and reveal rotor stability issues.
iniTial condiTions of The simulaTion
For better understanding of the simulation results, it is necessary to know the initial conditions. Therefore they are listed below: c. rotor speed is zero. 2. Loads acting on the rotor and bearing assembly (all of them are acting from the beginning of the simulation): a. gravity acting in the vertical direction (rotor assembly axis of rotation lies in the horizontal plane), b. oil pressure is 3.5 bar (the oil input pressure doesn´t influence the rotor dynamics due to bearing model simplification, but it influences the bearing oil flow and oil warm up), and c. rotor assembly speed increases linearly. The rotor assembly is driven and the speed is controlled through the auxiliary body and torsional spring (the rotor speed can also be increased by the torque, but from the point of view of speed control, it is better to define the rotor speed).
Housing conditions:
a. the housing is defined as a rigid body, and b. housing bore misalignment is neglected.
The flexible housing model is essential for potential simulation of vibrations on the housing walls or the emitting of noise. However, in basic rotor dynamics simulation it doesn´t seem to have such an impact on rotor dynamics to incorporate the flexible housing model into every simulation performed, because the bearing is quite low and so is the deformation of the housing bore. Since the displacement for the waterfall diagram is measured with respect to the static coordinate system and not the housing, even the waterfall would be very similar.
bearing eccenTriciTy
The bearing eccentricity is not as important as compressor (turbine) to housing eccentricity, but it can provide useful information about bearing load and the potential of its use. For journal bearings the relative eccentricity should range from 45 % to 80 %. If the relative eccentricity is lower than 45 %, the risk of self-excited oscillation is very high; if the relative eccentricity is higher than 80 %, the oil film has a very low load capability. The inner and outer eccentricity in a fully floating ring bearing on the compressor side is shown in Figure 4 . The highest value of inner eccentricity is approximately 75 % and can be found around a relative rotor speed of 15.33 %. If rotor speed increases further, the inner oil film appears to be stable and there are no other peaks. The outer oil film seems to be more unstable and there are some significant peaks. The first peak is located around relative rotor speed of 18 % and reaches the eccentricity of 67 %; the second peak is much lower; it reaches the eccentricity of only 34 % and is located around the relative speed of 38 %. The last peak is located around the relative rotor speed of 65.33 % and reaches an eccentricity of only 28 %. To better understand the source of these greater eccentricities, it is very useful to create a waterfall of displacement, velocity or acceleration and to compare it with a graph of eccentricity.
oscillaTion frequency specTrum
To understand the rotor dynamics and to reveal the sources of oscillation, it is very useful to create a waterfall graph. A waterfall graph is essentially a 3D graph, with rotor speed located on the x-axis, oscillation frequency located on the y-axis and the magnitude of displacement on the z-axis. The displacement evaluated in this waterfall diagram is measured on the compressor wheel nose. Figure 5 represents the frequency spectrum across the whole speed range and it enables identification of the source of rotor instabilities. It is very important to realize that although the unbalance causes the synchronous oscillation, it also stabilizes the rotor dynamics. There is still an essential need to retain unbalance and thus synchronous oscillation within limits. The synchronous oscillation can be kept within acceptable limits by balancing the rotor properly, but the other types of oscillations come from the oil film and they can be influenced by bearing design, oil properties etc. 
verificaTion of The simulaTed resulTs
Verification of results is one of the basic steps in developing any computational model. In the case of turbocharger rotor dynamics, the measuring is limited due to the compact construction of a modern turbocharger. A basic parameter which is usually measured is the compressor wheel nose displacement. The displacement is measured in a two axis system and the evaluated parameter is usually the mid-point trajectory. The compressor wheel is a better choice for the purpose of the measurement because the temperatures of the housing and gas on the compressor side are significantly lower than on the turbine side. Another parameter which can be measured is the speeds of the floating rings on both compressor and turbine side (if the turbocharger has floating ring bearings). This parameter is much more difficult to measure, and thus these measurement data are quite rare.
Other possible measuring parameters are: the noise emitted by the turbocharger (mainly housing walls) and housing vibration. The model suggested in this paper has yet to be verified, but of the parameters listed above, the compressor nose displacement will certainly be measured. If the housing design provides enough space, the floating ring speeds may also be measured for both bearings. As for noise and vibration measurement, since the suggested model allows only for vibration analysis so far, only the vibrations of the housing may be measured. Even though the model as a whole is yet to be verified, its main individual parts (bearing model, shaft model, etc.) have already been verified since the turbocharger model suggested in this paper is based on the knowledge of the bearing and structural dynamics of crankshafts.
conclusions
The designing of a modern turbocharger is a challenging area and requires extensive knowledge and prototype testing. The presented model provides engineers dealing with turbocharger design a powerful tool to minimize development time and costs. Even if this model has its limitations, based on the considered presumptions, it cannot replace proper testing. However, it can provide a general inside view of turbocharger rotor dynamics and help in understanding the influence of the studied parameters. Moreover, this tool can significantly decrease the development time, and of course this means that the development costs will also be reduced. This model should be regarded as a basic step towards an advanced tool. Its further development aims at improving the bearing model, to better describe high speed applications. 
